Background. Fabry disease, an X-linked genetic disorder with deficient α-galactosidase A activity, is characterized by kidney disease and kidney failure. The spectrum of kidney disease has not been well defined, especially in female patients. Methods. We did a cross-sectional retrospective analysis of natural history of glomerular filtration rate (estimatedeGFR), albuminuria and proteinuria in 1262 adult patients (585 males, 677 females) from the Fabry Registry. Results. Twenty-eight percent of males (age 20-79 years) and 13% of females (age 20-82 years) had chronic kidney disease (CKD) with eGFR < 60 ml/min/1.73 m 2 . Overt proteinuria (>300 mg/24 h) was demonstrated in 43 and 26% of males and females with CKD stage 1, respectively, and the proportions were higher with more severe kidney involvement. However, 11% of males and 28% of females with eGFR < 60 ml/min/1.73 m 2 had proteinuria <300 mg/ 24 h. Of eGFR ≥ 60 ml/min/1.73 m 2 patients without overt proteinuria (n = 93), 55% of the males and 35% of the females had albuminuria >30 mg/24 h. Systemic blood pressure was ≥130/80 mmHg in 48% and 67% of patients with eGFR ≥ and <60 ml/min/1.73 m 2 , respectively, with no significant differences between males and females. Proteinuria values were significantly correlated with systolic blood pressure in both sexes.
Introduction
Fabry disease is an X-linked genetic disorder of glycosphingolipid catabolism resulting from deficient activity of the lysosomal enzyme α-galactosidase A. As a consequence, neutral glycosphingolipids, mainly globotriaosylceramide (GL-3), accumulate in a variety of cells and tissues, leading to a wide clinical spectrum of clinical manifestations [1] . In hemizygous males, cutaneous angiokeratomas, acroparesthesias and decreased sweating are typically among the earliest symptoms to develop, usually beginning in childhood. Late life-threatening complications include cardiomyopathy, cerebrovascular disease and renal injury. The phenotype in heterozygous females is more variable, due, in part, to random X-chromosome inactivation. While classically described as a recessive X-linked disorder with infrequent clinical symptoms in females [1, 2] , recent data suggest that females may indeed be considerably burdened with Fabry disease manifestations [3] [4] [5] .
Chronic kidney disease (CKD) is a prominent feature of Fabry disease [1, 6] that accounts for 0.01% of end-stage renal disease (ESRD) patients enrolled in European and US dialysis registries [7, 8] . However, enzymatic screening studies suggest that the true prevalence for male dialysis patients may be 10-to 100-fold higher [9, 10] . Before the advent of dialysis and transplantation, males commonly died of CKD in the fifth decade of life. In a recent study of 106 male Fabry patients, all those surviving to the age of 56 developed ESRD and no patient survived beyond the age of 60 years [6] .
Enzyme replacement therapy (ERT) with human recombinant α-galactosidase A has been available since 2001 [11, 12] . Thus, Fabry disease is a treatable cause of CKD.
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The Fabry Registry is a global outcomes assessment programme for Fabry disease. Here, we use the Fabry Registry to characterize the nephropathy in a large cohort of Fabry patients, including a high proportion of female patients, before they began receiving ERT.
Methods

The Fabry registry
The Fabry Registry, sponsored by Genzyme, is an international observational and voluntary programme intended to track the natural course and outcomes of patients with Fabry disease (https://www.lsdregistry.net/fabryregistry/). Structured clinical and laboratory data are compiled based on a recommended schedule of assessments that are based on routine clinical practice using an online data capture programme or paper case-report forms. All Fabry patients are eligible for enrolment irrespective of their gender, geographical origin or treatment status; however, signed informed consent is mandatory. In accordance with patient privacy regulations, all patient data are kept anonymous and confidential.
All physicians managing patients with Fabry disease are encouraged to participate in the Registry. By assessing patients using the recommended schedule of assessments, key data related to significant clinical events and qualitative data (e.g. quality of life) are collected. Aggregate data can then be systematically analysed. In order to minimize the potential for gender bias, participating physicians have been contacted and specifically encouraged to enrol asymptomatic or mildly symptomatic females.
These efforts will enhance our understanding of the spectrum and natural history of Fabry disease, and can support efforts to define the overall disease severity, as well as the organ-specific manifestations.
Patient inclusions and exclusions
The information provided in this manuscript is based on the April 2007 Fabry Registry download; 2316 patients with Fabry disease were documented in the database. Of these patients, 1193 (52%) were males and 1123 (48%) were females. All adult (age ≥ 18 years) males and females who had serum creatinine (SCr) values and demographic data reported via the Registry were extracted from the database. The data used in the present cross-sectional analysis were defined as the most recent assessment for ERT-naïve patients, or the most recent assessment prior to start of ERT or renal replacement therapy. Paediatric patients (n = 175), and patients for whom SCr was available only following initiation of dialysis or transplantation (n = 80), or only following institution of ERT (n = 264), were excluded from the present analysis.
Data analysed
As for any large clinical practice database, the Fabry Registry is not conducted under GCP regulations. However, data collection, data management, statistical analysis and review are conducted under many of the same strict operating paradigms used for clinical trials. Submitted data were reviewed against approved review guidelines for missing data points, incomplete information and discrepancies with previously submitted data. Fabry Registry data processed for publication purposes were subjected to a qualitycontrol review and outlying values (SCr values >25 mg/dl, proteinuria <10 mg/24 h) were double-checked with the submitting centre to verify accuracy of data entry.
The [15] . Due to the limited number of patients, CKD stages 4 and 5 were combined. Since the Fabry Registry captures routine clinical and laboratory data, SCr concentrations were measured over several years in various laboratories throughout the world [most (>90%) of the patients were recruited in North America and Europe] raising potential issues with regard to data standardization. Therefore, we have followed the recommendations of the Laboratory Working Group of the National Kidney Disease Education Programme (NKDEP) [16] and analysed grouped data, i.e. groups of patients with eGFR ≥ 60 ml/min/1.73 m 2 compared to patients with eGFR < 60 ml/min/1.73 m 2 . Systemic blood pressure, 24-h urine total protein and 24-h urine albumin, obtained closest to the eGFR assessment, were summarized for each patient using a window of ±13 months relative to the date of the most recent eGFR assessment. Urinary albumin was measured on the same day as the 24-h urinary total protein values.
For systolic blood pressure (sBP), values between 70 and 240 mmHg and for diastolic blood pressure (dBP), values between 40 and 160 mmHg were included in this analysis. All patients with sBP ≥ 130 mmHg or dBP ≥ 80 mmHg, either treated or not treated with anti-hypertensive medication, were defined as having a blood pressure above the recommended target to decrease cardiovascular disease and progression of kidney disease in CKD, according to JNC7 and K/DOQI clinical practice guidelines [17, 18] . Age is given as mean ± SD (range); eGFR is given as mean ± SD. (2) 3 (9) 3 (27) Data for proteinuria are given as mean ± SD (median; range); overt proteinuria (>300 mg/24 h), shown as a percent of total for each sex and stage, nephrotic range >3.5 g/24 h.
Statistical analysis
Fisher's exact test (two-sided) was used for categorical comparisons across CKD stages. The P-value test for trend in sBP and dBP and above target blood pressure was calculated using a Cochran-Armitage trend two-sided test. Differences of least-square means from regression analysis were used to test the null hypothesis that the distribution of disease severity was the same across the four CKD stages versus the alternative hypothesis that there were significant differences among the CKD stages in their respective ordering for each parameter studied. A regression analysis t-test was used to test mean differences between males and females with eGFR < 60 and with eGFR ≥ 60 ml/min/ 1.73 m 2 . Linear relationships between log proteinuria and sBP were examined by correlation analysis. A value of P < 0.05 was considered significant. Non-zero values of 24-h proteinuria reported as <3 mg (n = 16) were excluded from the analysis, as non-plausible with current quantification methods. Zero and all other values <10 mg/24 h were pooled together for statistical purposes.
Data analysis was conducted using SAS software, version 8.2 (SAS Institute Inc., Cary, NC, USA).
Results
Distribution by CKD stages
There were 1262 adult patients in the Fabry Registry with ERT-naïve eGFR assessments; 585 (46%) patients were male and 677 (54%) were female. Table 1 displays summary statistics for all adult male and female patients by CKD stage. The majority, 72% (419/585) of males and 87% (588/677) of females, had CKD stages 1 or 2. A higher proportion of males than females (28% males versus 13% females, P < 0.0001) had eGFR < 60 ml/min/1.73 m 2 . In patients aged >40 years, the percentage rose to 45 and 20%, respectively (Fisher's Exact two-sided test, P < 0.0001; not shown in Table 1 ). Table 1 shows that the patients' mean age was greater for those with more advanced CKD and that the mean age at CKD stages 4/5 was not different for males and females. The age range at different CKD stages was rather wide for both sexes.
Proteinuria and CKD stage
Forty-eight percent (606/1262) of all adult patients with eGFR assessments had 24-h proteinuria values recorded in the Fabry Registry. The distribution by CKD stage of 24-h urine protein measurements is shown in Table 2 . Median proteinuria was greater with a more advanced CKD stage for both males and females ( Table 2 ). The proportion of patients with overt proteinuria (>300 mg/24 h) was higher with more severe kidney involvement, both in males and females. Nephrotic range proteinuria (>3.5 gm/24 h) was present in 11/306 (3.6%) of females and 22/300 (7.3%) of males, and its prevalence was greater with a more severe CKD stage (Table 2) . Although proteinuria was present in the majority of patients, 11/100 (11%) of males and 12/43 (28%) of females with eGFR < 60 ml/min/1.73 m 2 did not have overt proteinuria (<300 mg/24 h). Conversely, proteinuria was detected in a significant proportion of patients with CKD 1, more so in males (54/127; 43%) than in females (37/144; 26%). Among patients with early kidney disease (CKD stages 1 and 2) and without overt proteinuria, albuminuria was measured on the same day in 93 patients. Albuminuria >30 mg/24 h was detected in 17/31 (55%) of males and 22/62 (35%) of female patients.
The distribution of 24-h urine protein with eGFR is shown in Figure 1 for males ( Figure 1A ) and females ( Figure 1B) . The median value for eGFR was 81 and 88 ml/min/1.73 m 2 for males and females, respectively (solid vertical lines). The median value for urinary protein was 572 mg/24 h for males and 180 mg/24 h for females (solid horizontal lines). The top-left quadrants show the individual values for patients with increased urinary protein and decreased eGFR, with distributions that were very similar for both sexes. The bottom-left quadrants show the individual values for patients who had decreased eGFR and urinary protein excretion rates that were not greatly elevated despite definite reductions in eGFR.
The bottom-right quadrants show the individual values for patients with increased eGFR and urine protein excretion that was less than the median for the gender strata. Of note, there were a substantial number of males and females who had distinctly elevated eGFRs.
The upper-right quadrants show the individual values for patients with increased eGFR and increased urine protein excretion. Of note, a substantial number of males and females had distinctly elevated eGFRs in combination with striking increases in urinary protein excretion.
Male patients showed higher mean 24-h urine total protein values than female patients in each CKD stage, except CKD stage 4/5. In CKD stages 1 and 2, mean 24-h urine total protein was 792 mg/24 h for males and 423 mg/24 h for females (difference of 369 mg/24 h, P = 0.0026). In CKD stages 3-5, mean 24-h urine total protein was 2136 mg/24 h Data for blood pressure is given as mean ± SD.
for males and 1712 mg/24 h for females (difference of 424 mg/24 h, P = 0.0741). A significantly higher proportion of males than females had proteinuria >300 mg/24 h both in CKD stages 1 and 2 (P < 0.0001, Figure 2 ) and in CKD stages 3-5 (P = 0.0232).
Systemic blood pressure in Fabry disease
Eighty-four percent (1066/1262) of all adult patients with eGFR assessments prior to ERT had sBP and dBP data reported in the registry (Table 3) . Mean sBP and dBP were higher in patients with eGFR < 60 than in those with eGFR ≥ 60 ml/min/1.73 m 2 , but did not differ between both genders in the two eGFR groups (Table 4) .
For the population as a whole, 52% of patients (554/1066) with blood pressure assessments exhibited values above those recommended for CKD patients (sBP ≥ 130 mmHg or dBP ≥ 80 mmHg). The proportion of patients with above target blood pressure did not differ between males and females with either CKD stage 1 or 2 (51.9% and 45.7%, respectively) (Fisher's exact two-sided test, P = 0.07) or CKD stages 3-5 (64.4% and 71.6%, respectively) (Fisher's exact two-sided test, P = 0.57). However, in the under 40-yearold population, there was a significantly higher prevalence of above target blood pressure among the 248 males (51%) as compared to the 229 females (35%, P ≤ 0.0003) with CKD stage 1 or 2 (Table 3 ). Figure 3 shows the relation between the log-transformed proteinuria values with sBP for male ( Figure 3A ) and female Fabry patients ( Figure 3B ). Statistically significant correlations were found for both sexes (r = 0.22121, P = 0.0003 for males; r = 0.16959, P = 0.0055 for females). 
Discussion
Proteinuria and CKD are important manifestations of Fabry disease. However, data obtained from large series, especially in females, are scarce. We report the results from a cross-sectional study in a large series of Fabry Registry patients who were stratified according to the CKD stage. The study cohort included a high percentage of female patients.
An important observation is the wide age range for patients at both ends of the CKD spectrum. The wide age range for males with GFR > 90 ml/min (18-68 years) contrasts with the observation in a series of 105 males in which all patients who survived to age 56 had developed ESRD [6] . The upper age ranges at CKD stages 4 and 5 were 79 and 74 years, for males and females, respectively. The six males in this subpopulation had been diagnosed at the mean age of 64.5 years (range 50-78 years). This indicates that a diagnosis of Fabry disease should be considered even at these outlying ages in both sexes and that the clinical spectrum of Fabry disease is more variable than was previously thought.
The distribution by CKD stages in females confirms and expands on previous observations [5] . The female individuals that reached advanced CKD (and eventually ESRD) did so at the same mean age as males and at a mean age that was lower as compared to the mean age of the cohort of females with CKD stage 3. This may simply reflect some sort of ascertainment bias in our cross-sectional study. Alternatively, some females apparently reach ESRD, while another subgroup of female Fabry patients may not progress from moderately advanced CKD to ESRD.
There were several males and females with distinctly elevated (e.g. >125 ml/min/1.73 m 2 ) eGFR. Because of the insensitivity of the MDRD equations with SCr measurements below 0.7 mg/dl [14] , more direct measurements of the actual GFR will be required to better define this population of males and females who appear to have 'hyperfiltration' [19, 20] . The association between hyperfiltration, proteinuria and progression of kidney disease is well described in diabetic nephropathy [21] . Hyperfiltration has also been previously described in Fabry disease [22] , and other inherited disorders with kidney involvement [23] [24] [25] [26] [27] .
Proteinuria was most frequently mild to moderate, between 300 and 3500 mg/24 h. Overt proteinuria >300 mg/ 24 h was found in 62% of males and 33% of females. The prevalence of proteinuria and its magnitude increased with decreasing renal function in both sexes. It is generally accepted that in most forms of proteinuric kidney disease, overt proteinuria, per se, is a specific risk of progression of kidney disease [28] . Overt proteinuria (even if eGFR initially is normal) has recently been described as an important risk factor for progression in the agalsidase beta (Fabrazyme R ) phase III extension and phase IV studies [13, 29] , as well as in an agalsidase alfa (Replagal R ) follow-up study [30] . A recent study [31] has shown that anti-proteinuric therapy with angiotensin-converting enzyme inhibitors and/or angiotensin receptor blockers can stop progression of the eGFR in Fabry patients treated with Fabrazyme at 1 mg/kg body weight every 2 weeks, but these findings need to be confirmed with a larger prospective study [32] .
The overall prevalence of overt proteinuria in females was similar to that found in two smaller series [4, 5] . Deegan et al. [5] concluded that proteinuria was not associated with a more rapid decline in GFR in females as no correlation between age and GFR was seen in 38 female patients with proteinuria. This conclusion appears to be at odds with our findings that suggest increases in both the prevalence and magnitude of proteinuria in females if renal function decreases. This issue has important therapeutic and prognostic implications and should be addressed with prospective follow-up studies.
Our study also provides new information on the prevalence of nephrotic range proteinuria in Fabry disease. Nephrotic range proteinuria was observed in a small cohort (2-3%) of males or females with CKD stage 1 or 2. The prevalence of nephrotic range proteinuria increased steeply in more advanced CKD stages. Our data confirm earlier observations that nephrotic range proteinuria may predate the decrease of GFR in males [6] and perhaps also in females, but suggest that, more often, it is associated with advanced CKD.
We are not aware of previous studies reporting albuminuria in the range of 30 to 300 mg/24 h in a cohort of Fabry patients. Albuminuria was found in a significant proportion of patients with early CKD and proteinuria <300 mg/24 h, both in males and females, and also in patients with eGFR > 90 ml/min/1.73 m 2 . Thus, in both sexes, albuminuria may be an even more sensitive marker of renal injury than proteinuria. We hypothesize that albuminuria may precede overt proteinuria, but additional longitudinal studies should define the prognostic value of albuminuria in patients with Fabry disease.
There is very little information about the prevalence of hypertension and the level of blood pressure control in Fabry disease. Hypertension was not considered an important feature of the disease in the earliest systematic descriptions of Fabry disease [33] but, more recently, hypertension was found in 30% of male Fabry patients [6] . This contrasts to a 65-75% and 80-95% prevalence of hypertension among individuals enrolled in the MDRD study with eGFR 60-90 and <60 ml/min/1.73 m 2 , respectively [34] . The prevalence of hypertension could not be accurately assessed in the current cross-sectional analysis since information on the use of anti-hypertensive medications was not deemed to be complete. In CKD patients, target blood pressure for reduction of cardiovascular risk and progression of CKD should be <130/80 mmHg [17, 18] . Although a significant proportion of Fabry patients have a higher blood pressure than recommended in patients with CKD, mean values for Fabry patients are, with the exception of stage 4/5 patients, within those limits. Figure 3 demonstrates a correlation between proteinuria and sBP in both male and female Fabry patients. Therefore, it is particularly worrisome that 51% of males under age 40 with eGFR ≥ 60 ml/min do not have adequate blood pressure control. If these patients have overt proteinuria, then they should be treated with antiproteinuric agents to control their blood pressure and 24-h urine protein excretion to a target of 500 mg/day [31] .
Participation in the registry is voluntary and analysis limitations are intrinsic to the design of registry studies. Thus, only a subset of the total patient population in the Fabry Registry has eGFR data, which may suggest some selection bias. Furthermore, not all patients with eGFR data had proteinuria and blood pressure measurements. However, the patient distribution among the different CKD stages is similar for those with only eGFR data and for those with proteinuria or blood pressure data. This suggests that patients with proteinuria or blood pressure data are representative of the whole cohort. Physicians were encouraged to also focus on enrolment of asymptomatic females and, in fact, more females were analysed than males. Nevertheless, it cannot be ascertained that all asymptomatic or mildly symptomatic females from most families were included in the registry and interpretation of results should be undertaken with the appropriate sensitivity to cohort bias. Despite these limitations, this study provides important information on the female population, in particular, less severely affected females, as the proportion of females with eGFR > 60 ml/ min is greater than previously reported [35] . In addition, this is a cross-sectional analysis and longitudinal data are needed. Longitudinal data may be used for a genotypephenotype correlation analysis; however, such an analysis is marred by the high number of Fabry-causing mutations and the low prevalence of each of the alleles [1] . The recent description of the structure of the human α-galactosidase A glycoprotein allows for studying the effects of mutations on the three-dimensional structure and facilitates genotypephenotype analysis [36] .
In conclusion, albuminuria and proteinuria are common elements of a progressive Fabry nephropathy that may reach nephrotic range. However, the absence of proteinuria does not rule out Fabry disease in CKD. Albuminuria may be a more sensitive marker of Fabry kidney involvement, although its predictive value as a marker for risk of progression of CKD should be further studied. There is a significant percentage of patients whose blood pressure is above recommended values for patients with CKD. Adequate blood pressure control is recommended as proteinuria appears to be correlated with sBP in both sexes. This analysis, which for the first time includes more females than males, confirms that a significant proportion of females has moderate to severe CKD, and better defines the full spectrum of kidney involvement in Fabry disease.
